This protocol describes a cell/hydrogel molding method for precise and reproducible biomimetic fabrication of three-dimensional (3D) muscle tissue architectures in vitro. Using a high aspect ratio soft lithography technique, we fabricate polydimethylsiloxane (PDMS) molds containing arrays of mesoscopic posts with defined size, elongation and spacing. On cell/hydrogel molding, these posts serve to enhance the diffusion of nutrients to cells by introducing elliptical pores in the cell-laden hydrogels and to guide local 3D cell alignment by governing the spatial pattern of mechanical tension. Instead of ultraviolet or chemical cross-linking, this method utilizes natural hydrogel polymerization and topographically constrained cell-mediated gel compaction to create the desired 3D tissue structures. We apply this method to fabricate several square centimeter large, few hundred micron-thick bioartificial muscle tissues composed of viable, dense, uniformly aligned and highly differentiated cardiac or skeletal muscle fibers. The protocol takes 4-5 d to fabricate PDMS molds followed by 2 weeks of cell culture.
INTRODUCTION
Tissue engineering technology classically combines living cells and biomaterials with the primary goal of creating functional tissue substitutes for the repair of diseased and damaged organs 1 . This technology is also utilized to generate biomimetic three-dimensional (3D) tissue culture systems for fundamental studies of cell-matrix interactions 2 , tissue morphogenesis 3, 4 and structurefunction relationships 5 . A 3D tissue culture environment allows individual cells to assume a shape and exhibit matrix adhesions that are more in vivo-like than those formed in a two-dimensional (2D) environment 2 . Furthermore, compared with conventional 2D cultures in a large extracellular bath, dense 3D cultures with confined extracellular space can amplify local autocrine and paracrine actions of cells 6 and, in addition, directly affect the function of electrically active tissues, such as nerve and muscle 7, 8 .
3D bioartificial muscle tissues
The physiological and pathophysiological functions of various tissues in the body are critically dependent on the particular spatial arrangement of cells as well as the extracellular matrix in 3D (ref. 9 ). For example, native skeletal muscle contains long parallel muscle bundles composed of densely packed and highly aligned myofibers. This anisotropic tissue structure directly determines the contractile force and passive mechanical stiffness of the muscle 10 . Similarly, efficient pumping of the heart relies on the spatially and temporally coordinated electromechanical activity that is uniquely governed by the specialized intercellular connections 11 and complex 3D alignment of cardiac fibers and sheets 12, 13 . To be able to study these intricate 3D structure-function relationships in vitro or to restore native function in vivo, bioartificial muscle tissues need to contain a relatively large volume of densely packed, differentiated muscle fibers that can be locally aligned in desired directions using wellcontrolled and reproducible methodologies.
Aligning one or two muscle cell layers can be readily achieved by a number of techniques that use parallel microgrooves 14, 15 , electrospun micro-and nano-fibers 16, 17 , micropatterned protein lines [18] [19] [20] or mechanical stretch 16, 21 . In contrast, creating uniform 3D cell alignment of many muscle cell layers over a large area is considerably harder to achieve. One potential approach is to manipulate a polymer scaffold microstructure to provide topographical cues for orienting 3D cell growth. We, for example, utilized sucrose leaching techniques to fabricate poly(lactic-co-glycolic) acid scaffolds with oriented pores that guided the 3D alignment of cardiac cells over few square cm area 5 . Others used laser-drilled poly(glycerol sebacate) membranes 22 or collagen matrices with oriented pores 23 to achieve similar results. Despite the relatively simple fabrication processes, the use of anisotropic polymer scaffolds for the formation of thick and aligned 3D bioartificial muscle tissues is suboptimal because (1) the polymer phase represents an obstacle to dense and spatially continuous muscle cell growth, (2) no methods exist to precisely vary the local cell alignment and tissue thickness by controlling the polymer scaffold structure, (3) the rigidity of the polymer scaffold may prevent or dampen the macroscopic contractions of bioartificial muscle and (4) eventual biodegradation of the polymer may adversely affect the established cellular alignment.
Use of hydrogels in muscle tissue engineering
In comparison with polymer scaffolds, naturally derived hydrogels (e.g., collagen, fibrin) have several properties that make them wellsuited for the engineering of functional muscle tissues, including: (1) rapid polymerization that enables spatially uniform cell seeding, (2) significant compaction that yields high cell density, (3) abundant cell attachment sites that facilitate cell spreading and (4) high mechanical compliance that permits macroscopic tissue contractions and allows the application of tensile forces to align cells in 3D (refs. 24,25) . Thus far, muscle cells in hydrogel systems have been aligned by constraining cell growth to one direction using a bundle or ring geometry 24, [26] [27] [28] [29] . These and similar methods for fabricating pseudo-1D muscle geometries are unsuitable for the generation of larger and more complex muscle tissue structures in which cell alignment needs to be varied in a controllable manner over different spatial scales.
However, approaches that utilize photolithographic patterning of hydrogels enable a relatively fast layer-by-layer assembly of cells into free-standing 3D structures with controllable geometry and size 30 . These methods mainly utilize synthetic 31 or modified natural hydrogels 32 , both of which possess limited ability to support muscle cell spreading and growth. In addition, the use of photosensitive cross-linkers and ultraviolet radiation for hydrogel polymerization may adversely affect the viability, proliferation and differentiation of embedded cells 33, 34 . As muscle cells significantly compact natural hydrogels and undergo spontaneous contractions in culture, a hydrogel-based methodology for the fabrication of bioartificial muscle tissues should provide robust mechanical support for cell growth and function, while allowing cell-mediated hydrogel remodeling to occur without a loss in 3D cell alignment.
Mesoscopic hydrogel molding for engineering of bioartificial muscle Here we present details of a hydrogel molding method developed in our laboratory 35 (Fig. 1a) to fabricate relatively large and thick muscle tissue constructs in which 3D tissue geometry and local muscle fiber alignments can be precisely varied. Specifically, a high aspect ratio (height/width of 5-10) soft lithography technique has been optimized to create polydimethylsiloxane (PDMS) tissue molds containing an array of elongated, mesoscopic-sized posts with typical dimensions of 1.2 mm Â 0.2 mm Â 1.5 mm (length Â width Â height). These posts are one to two orders of magnitude taller (up to 2.5 mm) than the photolithographic features typically used in microfluidic 36 and other biological applications 37 . A mixture of muscle cells and fibrin gel is then cultured for two weeks in the PDMS molds to create a muscle sheet with elliptical pores formed around the posts. Through cell-mediated gel compaction and anchoring at the ends of the posts, a strain field is formed within the hydrogel that guides local 3D cell alignments along the pore boundaries. The pores serve to increase the diffusion of oxygen and nutrients to embedded cells, allowing the formation of 100-to 400-mm-thick, dense and viable muscle tissues. The PDMS molds are reusable, thereby allowing the reproducible fabrication of a large number of identical 3D tissue replicas.
As we have previously shown, this approach enables 3D alignment of muscle cells over a relatively large area (41 cm 2 ) and the design of complex tissue geometries, such as abrupt changes in muscle fiber orientation 35 . The natural enzymatic action of thrombin on fibrinogen 38 during hydrogel polymerization has no adverse effects on embedded cells. The abundant cell adhesion sites present in fibrin gel facilitate the interaction between the cells and the extracellular matrix (ECM), and, subsequently, the structural and biochemical remodeling of the ECM by the cells. The facilitated ECM remodeling, along with the topographical and mechanical cues provided by the PDMS mold, guide the proper 3D assembly and integration of cells into a functional, aligned bioartificial muscle tissue. Long-term spontaneous contractions of differentiated muscle fibers are adequately supported by the relatively high compliance of fibrin gel 39 . In contrast, collagen gel-based tissues made using this method disintegrate during long-term culture due to vigorous tissue contractions 35 . In the case of noncontractile tissues, such as engineered tendon nets made by molding smooth muscle cells and collagen gel around 3 mm Â 3 mm square posts, the resulting tissue structure can be stable for 6-8 weeks 40 .
Importantly, the computer-aided design of photomasks used to fabricate the template wafers enables precise variations in tissue mold parameters, such as overall mold dimensions, post height, length, width, orientation and spacing, which in turn determine the resulting tissue size, thickness, porosity, local and overall myofiber alignment as well as the dimensions of the formed muscle bundles. In addition, the resulting tissue properties are also determined in a highly complex manner using the characteristics of cell-gel mixture. Therefore, precise fabrication of a desired tissue structure currently requires that appropriate dimensions of the tissue mold are determined empirically. Accurate control of tissue structures based solely on the mold dimensions will necessitate the development of advanced computer models that robustly predict the process of cell-mediated gel compaction using realistic descriptions of cell proliferation, differentiation, cell-cell and cell-matrix interactions 41 .
Potential applications of the methodology
As this method provides precise control of the engineered 3D tissue structure, it could be applied to construct planar in vitro analogues of various muscle architectures found in vivo. In particular, the computer-aided design of tissue molds using structural data from native muscle, as obtained using a variety of modern imaging modalities (e.g., diffusion tensor magnetic resonance imaging 42 , CT scanning 43 ), would allow the design of more realistic muscle tissue structures. By incorporating different cell types and applying genetic and pharmacological manipulations, this methodology would allow systematic studies of the individual and combined roles of 3D structure, cellular composition and gene and protein expression in muscle development, physiology and pathology. Our ongoing study is focused on applying this method to create functional, differentiated skeletal and cardiac muscle tissues starting from stem cell-derived myogenic progenitor cells. Stacking multiple stem cell-derived muscle tissues in vitro 31 or during implantation 44 to form a thicker and stronger bioartificial muscle patch may eventually enable the application of this methodology to the burgeoning field of regenerative medicine.
Experimental design Photolithographic patterning of high aspect ratio mesoscopic features. A protocol based on the standard UV photolithography techniques has been developed to create well-defined, high aspect ratio photoresist features. Multiple layers of SU-8 photoresist are spin-coated on a master silicon wafer to a final thickness of up to 2.5 mm. After extensive soft-baking to remove residual solvent, the template is patterned by selective exposure to ultraviolet light through a transparency photomask (Fig. 1b) . The resulting photoresist features typically have a width of no less than 0.2 mm and a height-to-width aspect ratio between 5:1 and 10:1 (Fig. 1c) . Creating taller and higher aspect ratio features has not been possible using this protocol. The use of X-ray lithography 45 is recommended if this is to be attempted.
Replication of photoresist features in PDMS elastomer. PDMS tissue molds replicating the high aspect ratio photoresist features of the patterned master wafer are created using a double-casting method 46 . A negative replica PDMS template (Fig. 1d) is first molded off the master wafer and then silanized to make it nonadhesive to further application of PDMS. The silanized template is then used to mold a final set of PDMS structures (Fig. 1e) that can be directly utilized as tissue molds. One advantage of using the double-casting method is that one master wafer can be used to create several negative replica PDMS templates, each of which can be used to generate a large number of identical tissue molds, which in turn can be reused multiple times for the tissue culture. The relatively fragile master wafer is thus protected from being damaged by frequent use. As PDMS elastomer can be cast with sub-0.1-mm fidelity 47 , all PDMS tissue molds have dimensions virtually identical to those of the original master wafer.
Molding of cell-hydrogel tissue networks. PDMS tissue molds are rendered hydrophilic by oxygen plasma treatment and coated with 0.2% (wt/vol) solution of pluronic F-127 to prevent hydrogel adhesion. A Velcro frame is pinned within the tissue mold ( Fig. 1f) to anchor the hydrogel. The frame provides mechanical tension during gel compaction as well as facilitates handling and transfer of the resulting tissue constructs. A mixture of fibrin gel, Matrigel and muscle cells is then polymerized within the PDMS molds at 37 1C (Fig. 1g) . The hydrogel-containing PDMS molds are immersed in culture medium (Fig. 1h ) and cultured in static conditions for 2 weeks to allow the formation of viable, dense and aligned bioartificial muscle tissues. . PDMS . 2Â cardiac culture medium (sterile) for making cell-hydrogel mixture.
MATERIALS

REAGENTS
Contains 2Â DMEM (made from powder DMEM), 20% (vol/vol) heat-inactivated horse serum, 4% (vol/vol) chicken embryo extract and 200 U ml À1 penicillin G.
. 1Â skeletal myoblast growth medium (sterile). Contains DMEM, 10% (vol/vol) fetal bovine serum, 50 U ml À1 penicillin G, 50 mg ml À1 streptomycin, 5 mg ml À1 gentamicin and 1 mg ml À1 aminocaproic acid.
. 2Â skeletal myoblast growth medium (sterile) for making cell-hydrogel mixture. Contains 2Â DMEM (made from powder DMEM), 20% (vol/vol) fetal bovine serum, 100 U ml À1 penicillin G, 100 mg ml À1 streptomycin and 10 mg ml À1 gentamicin.
. Skeletal myoblast differentiation medium (sterile). Contains DMEM, 3% (vol/vol) horse serum, 50 U ml À1 penicillin G, 50 mg ml À1 streptomycin, 5 mg ml À1 gentamicin and 1 mg ml À1 aminocaproic acid.
. Matrigel: Prepare 100 ml aliquots, store at À20 1C.
. Fibrinogen: Prepare 10 mg ml À1 stock solution in DPBS (containing no Ca 2+ ) by dissolving at 37 1C, and store at 4 1C.
. Thrombin: Prepare 50 U ml À1 stock solution in 0.1% (wt/vol) bovine serum albumin (BSA) in DPBS (containing no Ca 2+ ), store 50 ml aliquots at À20 1C.
. 
PROCEDURE
Preparation of silicon wafers 1| Place a programmable hotplate inside a fume hood and heat to 80 1C.
2|
To improve photoresist adhesion, 'Piranha Etch' silicon wafers to remove traces of carbon residue. In the chemical fume hood, at room temperature (25 1C), prepare 200 ml Piranha Etching solution by pouring 150 ml of concentrated sulfuric acid into a clean beaker followed by 50 ml of hydrogen peroxide. Strong effervescence should be observed. ! CAUTION Piranha Etch will rapidly corrode almost all carbon-based compounds including any exposed skin. Please exercise caution and use appropriate safety equipment such as nitrile or rubber gloves, lab coat and safety goggles.
3| Place the beaker of Piranha Etching solution on the hotplate.
4| Using a wafer tweezer, gently submerge up to 4 silicon wafers into the Piranha Etching solution. For maximum effectiveness, place silicon wafers back-to-back and submerge two wafers at a time. Allow to etch for 15 min.
5| Using a wafer tweezer, carefully remove the wafers from the Piranha Etching solution and wash sequentially in two large (1 liter) volumes of deionized water. Air-dry each wafer.
6| Dispose of the Piranha Etching solution according to the laboratory safety guidelines. ' PAUSE POINT Piranha-etched wafers can be stored for several months at room temperature in clean covered Petri dishes until needed.
7|
Reset the hotplate to 200 1C and place the etched silicon wafers on the hotplate face-up. Dehydrate the wafers for 10 min. Let cool to room temperature (25 1C) . m CRITICAL STEP Silicon wafers need to be dehydrated before use to maximize the adhesion of photoresist.
Preparation of photoresist layer 8| Place the dehydrated silicon wafer on a clean sheet of aluminum foil and pour 2-3 ml SU-8 100. 9| Spin-coat SU-8 100 using the following protocol at room temperature. First ramp up to 500 rpm at 100 rpm s À1 , maintain for 10 s. Then ramp up to 1,000 rpm at 300 rpm s À1 , maintain for 30 s. Finally ramp down to 0 rpm at 300 rpm s À1 . This will result in a 250-mm thick photoresist layer.
10| Soft-bake the wafer on a hotplate at 65 1C for 15 min, followed by maintenance at 95 1C for 2 h.
11| Turn off the hotplate and cool the wafer and hotplate to room temperature.
12|
For taller features (up to 2.5 mm), layer SU-8 100 sequentially by reiterating Steps 8-11.
13| On spin-coating the final layer onto the wafer, carry out a final, longer soft-bake at 95 1C for at least 10 h (or overnight).
14| Turn off the hotplate and cool the wafer and hotplate to room temperature. The thickness of the photoresist layer can be estimated using a caliper. The photoresist layer should be hard, and no indentations should be left by the tweezers or caliper.
? TROUBLESHOOTING Aligning and exposing photoresist layer 15| Tape the transparency photomasks to a glass plate (6 00 Â 6 00 square). Tape semi-circular pieces of aluminum foil to cover all areas of the wafer not covered by the photomasks (Fig. 2a) . Load the glass photomask and a photoresist-coated wafer into the mask aligner and align them to be in the center of the wafer.
16| Expose the wafers using 365 nm UV light at 12 mW cm À2 . To prevent overheating of the photoresist, the exposure should be carried out in 1-min steps interrupted by 2-min breaks for a total exposure duration as specified in Table 1 . ! CAUTION Use UV-safe glasses or a face shield when working with strong UV light sources.
Postexposure bake and development 17| Perform postexposure bake (PEB) by placing the exposed wafer on a programmable hotplate set to 40 1C for at least 24 h. This long duration, low-temperature PEB allows the photoresist to cross-link while minimizing the diffusion of photo-crosslinker through the resin, thus maintaining high feature fidelity.
18| Let the wafer cool by ramping down the temperature at 10 1C h to room temperature. This slow cooling prevents cracks in the wafer, as cross-linked SU-8 exerts significant stress on the silicon substrate due to differential expansion and contraction.
19| Immerse the wafer in PGMEA developer overnight.
20| Discard the used developer and immerse the wafer in fresh PGMEA for another hour.
21| Rinse the wafer with isopropyl alcohol and air-dry. m CRITICAL STEP If a white residue is seen during the wash with isopropyl alcohol, the development is incomplete. Let the wafer develop for another 1-2 h. ' PAUSE POINT The SU-8 master (Fig. 2b) is now complete, and can be stored for several months at room temperature under clean, dry conditions. ? TROUBLESHOOTING 24| Place the SU-8 master face-up in a clean, nontissue culture-treated 100-mm diameter Petri dish and pour approximately 35 ml PDMS on top of the template wafer. The wafer should be completely submerged in PDMS. Degas for 1 h in a vacuum desiccator. Remove the trapped air bubbles using fine needle (27 G).
25| Cure PDMS in an oven at 80 1C for at least 4 h.
26|
Let PDMS cool to room temperature and then carefully break the edges of the Petri dish with a pair of cutting pliers. Remove the shards of the Petri dish and then gently peel the resulting negative replica PDMS template from the template wafer. m CRITICAL STEP The relatively fragile master wafer can be readily damaged at this point. Exercise great caution when subjecting the wafer to stress.
27| Cut the PDMS template down to the patterned areas of interest. Place the PDMS template face-up on a clean glass slide and silanize as described in Step 22. At this point, the transparent PDMS template should become more opaque (Fig. 2c,d ).
' PAUSE POINT The PDMS templates (Fig. 2d) can be stored for several months at room temperature under clean, dry conditions.
Casting PDMS tissue molds 28| Prepare 35 g of PDMS solution as described in
Step 23.
29|
Place the silanized PDMS template in a clean, nontissue culture-treated 60-mm Petri dish and add approximately 15 ml prepared PDMS solution. The PDMS template should be completely submerged in PDMS solution, producing the base of the PDMS mold.
30| Use fine needles (27 G) to carefully remove air bubbles from the void spaces in the PDMS template and transfer to a vacuum desiccator to degas for 1 h. m CRITICAL STEP It is very important that all air bubbles be removed from the void spaces in the PDMS master so that they can be filled with PDMS. Bubbles can be easily detected visually because of their refractive effect, which is distinct from the filled void spaces.
31| Cure PDMS and peel it off the template as explained in Steps 25 and 26. ' PAUSE POINT Resulting PDMS tissue molds (Fig. 2e) can be stored for several months at room temperature under clean, dry conditions.
Preparation of PDMS tissue molds for cell-hydrogel molding 32| Place PDMS molds in the plasma asher and set the power to 100 W.
33| Plasma-treat under oxygen for 1 min.
34|
Remove the PDMS molds from the plasma asher and immerse them in deionized water. m CRITICAL STEP The PDMS molds need to be made hydrophilic to allow filling with the cell-hydrogel solution.
' PAUSE POINT The plasma-treated PDMS molds can be stored in deionized water for up to 2 weeks at room temperature under clean conditions.
35| Cut Velcro tape into a square frame and pin it to the base of the PDMS mold. The Velcro frame is typically 0.5 mm thick and 2 mm wide on each side. The Velcro frame should be in contact with the PDMS base at all points along its perimeter. Use a minimum of four pins (as depicted in Fig. 1f ) to ensure that contact is achieved.
36|
Immerse the PDMS molds with the pinned Velcro frames in a clean 100-mm Petri dish filled with 70% (vol/vol) ethanol and leave it exposed to UV in a biological hood overnight.
37| Rinse PDMS molds with tissue culture water twice and dry with a nitrogen gun. m CRITICAL STEP Perform Steps 37-39 in a biological hood to keep the PDMS mold sterile. 38| Immerse the sterilized PDMS molds in 0.2% (wt/vol) pluronic solution for 1 h. The coating with pluronic solution will prevent the adhesion of hydrogel to the PDMS molds.
39| Rinse and store the PDMS molds in sterile tissue culture grade water. ' PAUSE POINT The PDMS molds can be stored in sterile tissue culture grade water for up to 24 h at room temperature in a biological hood before cell-hydrogel molding.
Molding of cell-hydrogel mixture 40| Prepare cells for culture using one of our previously published cell isolation protocols 35, 48, 49 . m CRITICAL STEP Perform Steps 40, 43-48 in a biological hood to maintain sterility.
41| Place 2Â cardiac culture medium or 2Â skeletal myoblast growth medium, Matrigel, fibrinogen (10 mg ml À1 ) and thrombin (50 U ml À1 ) stock solutions on ice.
42| Calculate the volume of each ingredient in the cell-hydrogel mixture. Define V as the total volume of cell-hydrogel mixture. Use 2 mg ml À1 hydrogel as the working concentration of fibrinogen. Use 0.4 unit of thrombin per mg fibrinogen to initiate the fibrin gel polymerization. Calculate V ¼ volume of cell-hydrogel mixture per mold Â number of molds (r4). For a mold with dimensions of 20 mm Â 20 mm Â 1.5 mm (length Â width Â height), the volume of cell/hydrogel mixture is 500 ml. The rapid cross-linking of the fibrinogen by thrombin limits the maximum number of molds that can be consecutively filled with the same cell-hydrogel mixture at room temperature to 4. Volume of fibrinogen solution:
Volume of 2Â medium:
Volume of Matrigel:
Volume of thrombin:
V thrombin ¼ ðV Â 2 mg ml À1 Â 0:4 U mg À1 Þ = 50 U ml À1 ¼ 0:016 V Volume of cell solution in 1Â medium:
Prepare hydrogel mixture by adding 2Â medium, Matrigel and fibrinogen solutions in an Eppendorf tube on ice.
44| Re-suspend centrifuged NRVM and NRSKM pellets in their corresponding 1Â culture media to obtain total volumes of 0.484 V. Add cell solution into the hydrogel mixture on ice and gently mix.
45| Dry PDMS molds with nitrogen and place them in the wells of a 6-or 12-well tissue culture plate.
46|
Add thrombin into the cell-hydrogel mixture to initiate polymerization. Quickly inject the cell-hydrogel mixture into PDMS molds using a pipette under a stereomicroscope. m CRITICAL STEP At the specified thrombin concentration, fibrin gel polymerizes within 10-15 min at room temperature and 30-40 min on ice. Injecting the cell-hydrogel mixture in a liquid state is critical for forming a uniform distribution of cells on molding.
? TROUBLESHOOTING 47| Add several drops of culture medium next to the mold in each well to provide moisture and place the tissue culture plate with molds in an incubator (37 1C, 5% CO 2 ) for 45 min. (ix) Rinse tissue constructs as described in Step 50A(i). Keep the stained constructs covered to avoid exposure to light. ' PAUSE POINT The stained tissue constructs can be stored in DPBS for 1 week at 4 1C before imaging. (x) Image tissue constructs while they are in the tissue molds at Â5 magnification using an upright confocal microscope.
Phalloidin staining allows visualization of filamentous actin in the cells.
? TROUBLESHOOTING (xi) Analyze the confocal fluorescence images using an intensity gradient algorithm adapted from Karlon et al. 50 written in Matlab 19 . (ix) Rinse tissue constructs as described in Step 50B(i). (x) Incubate tissue constructs with fluorophore-conjugated secondary antibodies (0.5% (vol/vol) solution in DPBS) and nuclear stain DAPI (100 mg ml À1 in DPBS) at room temperature for 2 h, covered by aluminum foil. (xi) Rinse tissue constructs as described in Step 50B(i). Cover the stained constructs with aluminum foil to avoid exposure to light. (xii) In dark conditions, gently remove tissue constructs attached to Velcro frame from the PDMS molds using forceps and immerse in DPBS. Use surgical scissors to separate tissue constructs from Velcro frames. Keep tissue constructs in DPBS when cutting. m CRITICAL STEP The hydrogel-based tissue constructs without Velcro frames collapse in air, so it is important to always handle tissues in DPBS. (xiii) In dark conditions, place a drop of Fluoromount G solution on a glass slide and carefully transfer the tissue constructs cut out of the Velcro frames onto the Fluoromount G drop. Gently place a glass coverslip on top. Leave the mounted tissue constructs covered and away from light at room temperature overnight. (xiv) Seal the edges of the glass coverslip using nail polish.
' PAUSE POINT The mounted tissue constructs can be stored for 1 week at 4 1C in dark and dry conditions before imaging. (xv) Image the stained and mounted tissue constructs at Â40 magnification using an inverted confocal microscope to visualize the cells.
? TROUBLESHOOTING ' PAUSE POINT Mounted sections can be stored for 1-2 weeks at 4 1C under dark and dry conditions before imaging. (xviii) Image the stained sections at Â20 or Â40 magnification using an inverted confocal microscope to assess the cross-sectional cell distribution.
TIMING
Steps cell-hydrogel mixture, 30 min; injection of cell-hydrogel mixture into molds, 5 min per mold Â the number of molds; incubation, 45 min.
Step 49, tissue culture: 2 weeks. Structural assessment of engineered muscle tissues:
Step 50A: analysis of cell alignment: (ii) fixation, 2 h; (iv) permeabilization 30 min; (vi) blocking, 2 h; (viii) incubation with phalloidin, 2 h; (i, iii, v, vii, ix) total washing time 2.5 h; (x, xi) imaging and analysis, 1 h per construct.
Step 50B: immunostaining of tissue constructs: (ii) fixation, 2 h (with PFA) or 10 min (with methanol/acetone); (iv) permeabilization 30 min; (vi) blocking, 2 h; (viii) incubation in primary antibodies, 12 h; (x) incubation in secondary antibodies, 2 h; (i, iii, v, vii, ix, xi) total rinsing time 3 h; (xii-xiv) mounting, 10 h; (xv) imaging, 30 min per construct.
Step 50C: assessment of cross-sectional cell distribution: (ii) fixation, 2 h; (iv-vi) cryosectioning 2 h; (viii) permeabilization 10 min; (x) blocking, 1 h; (xii) incubation in primary antibodies, 1 h; (xiv) incubation in secondary antibodies, 1 h; (i, iii, vii, ix, xi, xiii, xv) total rinsing time 1.5 h; (xvi, xvii) mounting, 10 h; (xviii) imaging, 30 min per slide.
? TROUBLESHOOTING Troubleshooting advice can be found in Table 2 . 
ANTICIPATED RESULTS
For the initial cell seeding density of 5 Â 10 6 NRVMs or 10 Â 10 6 NRSKMs per ml of hydrogel, cell-mediated gel compaction reaches steady state within 8-13 d of culture (Fig. 3) . After two weeks of culture, a 3D network of interconnected muscle tissue bundles is formed with the dimensions and spatial distribution that are directly controlled through the precise fabrication of the PDMS molds (Fig. 4) . Specifically, this method allows for the independent control of the muscle construct thickness, overall porosity, bundle diameter, and global and local cell alignment in a reproducible manner, by controlling the thickness of the PDMS mold, the lengthto-width ratio of the hexagonal post and the initial porosity before gel compaction 35 . To quantitatively characterize the overall degree and spatial distribution of cell alignment, we have constructed maps of local cell alignment angles within the tissue constructs (Fig. 5) . The average deviation of all the alignment angles from the mean angle has been used as a quantitative measure of the degree of cell alignment. The presence of elongated pores in the obtained muscle constructs significantly increases the degree of overall cell alignment compared with the nonporous cell per hydrogel sheet made in molds of identical dimensions but without posts (Fig. 5b) .
Immunohistological analysis reveals that the resulting 3D muscle bundles are composed of densely packed, evenly distributed and uniformly aligned muscle cells (Fig. 6) . Specifically, aligned NRSKMs in tissue bundles (Fig. 6a,b) fuse into multinucleated myogenin positive myotubes, develop distinct cross-striations and spontaneously twitch after the onset of differentiation (see Supplementary Video 1). Similarly, aligned NRVMs in tissue bundles (Fig. 6c,d) show distinct cross-striations, interconnect through connexin-43 gap junctions, spontaneously contract in a synchronous manner (see Supplementary Video 2) and develop directional differences (anisotropy) in the conduction velocity of electrical propagation (data not shown). 
